Characterization of Cucumber Mosaic Virus II. Identification of Movement Protein Sequences That Influence Its Accumulation and Systemic Infection in Tobacco by Gal-On, Amit et al.
VIROLOGY 226, 354–361 (1996)
ARTICLE NO. 0663
Characterization of Cucumber Mosaic Virus
II. Identification of Movement Protein Sequences That Influence Its Accumulation and
Systemic Infection in Tobacco
AMIT GAL-ON,* IGOR B. KAPLAN,† and PETER PALUKAITIS†,1
*Department of Virology, Institute of Plant Protection, The Volcani Center, Bet Dagan 50250, Israel;
and †Department of Plant Pathology, Cornell University, Ithaca, New York 14853-4203
Received May 20, 1996; accepted October 4, 1996
Tobacco plants infected by the Sny strain of cucumber mosaic virus (CMV) showed chronic symptoms rather than cycles
of acute disease followed by no symptoms, as seen for many strains such as Fny-CMV. The Sny-CMV 3a movement protein
(MP) accumulated at 10 to 50 times the level of the Fny-CMV MP in the first few systemically infected leaves showing
disease symptoms. The increased production of movement protein was not associated with an increase in synthesis of
viral RNA and/or capsid protein. The correlation of high levels of accumulated MP and chronic infection in tobacco mapped
to the 3a gene of Sny-CMV. Sequence analysis of the 3a gene of Sny-CMV showed that there were three nucleotide changes
that altered amino acid sequences within the MP. Analysis of the kinetics of infection and level of MP accumulation for
various CMV RNA 3 chimeric constructs and site-directed mutants of RNA 3 showed that chronic infection and high MP
accumulation were associated with nucleotide sequence changes at two positions within codons 51 and 240 of the MP
gene. These changes in the MP of Fny-CMV resulted in an altered subcellular distribution of the 3a protein, as also was
observed for the Sny-CMV 3a protein. In both cases, considerably more 3a protein was associated with a fraction containing
membranes. The potential relationship between membrane association and chronic infection is discussed. q 1996 Academic
Press, Inc.
INTRODUCTION protein (MP) does not appear to have other functions in
the infection cycle beyond movement (Suzuki et al., 1991;
The movement within plants of cucumber mosaic virus
Kaplan et al., 1995). Thus, mutations in the CMV MP are
(CMV) is affected by each of the five known gene prod-
less likely to be pleiotropic for other functions. Neverthe-
ucts translated from the three genomic and two subgeno- less, some sequence alterations in the CMV MP may be
mic RNAs. The 1a protein, a component of the viral repli- host specific (Zhang and Palukaitis, 1993), indicating that
case containing putative helicase and methyl transferase interactions between the MP and some hosts are altered
domains, influences the rate of systemic infection in zuc- by only a few amino acid sequence changes. Similar
chini squash (Gal-On et al., 1994). The 2a protein, which observations have been made with the 3a MP of bromovi-
contains the conserved RNA polymerase motifs and is a ruses (De Jong et al., 1995; Fujita et al., 1996).
component of the CMV replicase, influences movement In systemically infected tobacco, CMV is not distrib-
in some transgenic resistant plants (Hellwald and Palu- uted evenly in different leaves (Loebenstein et al., 1977;
kaitis, 1995). The 2b protein also influences movement Gal-On et al., 1995). Fny-CMV, like many other strains of
in a host-specific manner (Ding et al., 1995a). The 3a CMV, displays a cyclic infection in tobacco, in which
protein is required for the cell-to-cell movement of the several leaves showing symptoms and containing high
virus (Suzuki et al., 1991; Kaplan et al., 1995) and traffics levels of virus alternate with leaves that are symptomless
itself and RNA from cell to cell (Ding et al., 1995b). The and contain little virus (Gal-On et al., 1995). By contrast,
3b or coat protein (CP) is also involved in efficient cell- Sny-CMV did not show this cycling of symptoms, al-
to-cell and long-distance movement (Suzuki et al., 1991; though the virus titer did show cycling with a lower ampli-
Taliansky and Garcia-Arenal, 1995). tude than for Fny-CMV (Gal-On et al., 1995). Thus, Sny-
The 3a protein is an RNA binding (Li and Palukaitis, CMV displayed a better distribution of virus during long-
1996) and RNA trafficking protein (Ding et al., 1995b). term infection than did Fny-CMV. Tobacco and squash
However, unlike the 1a, 2a, and CP, the 3a movement plants infected by Sny-CMV showed higher levels of ac-
cumulation of MP than the corresponding plants infected
by the Fny-strain of CMV (Gal-On et al., 1995). This differ-1 To whom correspondence and reprint requests should be ad-
ence was also exhibited in infected squash protoplasts,dressed at the Virology Department, Scottish Crop Research Institute,
Invergowrie, Dundee, DD2 5DA, Scotland. but not as readily in tobacco protoplasts (Gal-On et al.,
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1995). Fny-CMV and Sny-CMV also showed differences ing to Sny-CMV RNA 3 was gel-purified through agarose,
digested with BamHI and PstI, ligated into pUC18 (pre-in their rates of systemic infection of squash (Roossinck
and Palukaitis, 1990; Gal-On et al., 1994). Since the viously digested with the same two restriction endonu-
cleases), and transformed into Escherichia coli DH5asource of RNA 3 (Fny- vs Sny-) did not affect the rate of
systemic infection in squash (Gal-On et al., 1994), the cells, as described by Sambrook et al. (1989). A full-
length cDNA clone corresponding to Sny-CMV RNA 3increased levels of MP did not result in more rapid sys-
temic movement. Moreover, in tobacco, Fny-CMV and was selected and designated pSny3. Chimeras between
pFny309 and pSny3 were constructed either by using aSny-CMV showed no obvious differences in the rate of
systemic infection, in contrast to the differences in accu- BamHI site upstream of the T7 promoter and an internal
restriction endonuclease site indicated in Fig. 1 (XmnI,mulation of their respective MPs (Gal-On et al., 1994,
1995). Thus, we wanted to determine what sequence Sal I, HindIII) or by replacing the NheI–Sal I fragment of
one full-length cDNA clone with that of the other full-changes in Sny-CMV resulted in the increase in Sny-
CMV MP accumulation, and whether there was any rela- length cDNA clone.
tionship between the elevated levels of MP in tobacco
Site-directed mutagenesis of the 3a geneand the increased distribution of Sny-CMV vs Fny-CMV in
this host. Here, we present the results of such analyses.
Site-directed mutageneses of nucleotides 272 and 837
were done by the method of Kunkel et al. (1987) using
MATERIALS AND METHODS specific primers (5*-256-GGATGCGGGCTGATAAAG-
CTATT-278-3* and 5*-829-ATGCGAAGTTTAATCAAA-Plants, virus strains, and inoculation
ATGC-850-3*, respectively) where the sites correspond-
Tobacco (Nicotiana tabacum cv Turkish Samsun NN) ing to nucleotides 272 and 837, in 3a gene codons 51
plants were inoculated and maintained in an environ- and 240, respectively, are in bold, and a silent mutation
mentally controlled chamber at 25–287 with a 14-hr light/ was introduced at nucleotide 263 (italic), eliminating a
10-hr dark cycle. The Fny-strain and the Sny-strain of site for the enzyme BssHII. The change at nucleotide 837
CMV were inoculated as either purified virus or viral RNA eliminated a site for AseI. The changes in restriction
extracted from virus particles, as previously described endonuclease cleavage patterns facilitated the screen-
(Roossinck and Palukaitis, 1990; Kaplan et al., 1995). ing of the mutants. The mutants were confirmed by di-
RNAs transcribed from cDNA clones of Fny-CMV RNA 1 deoxynucleotide chain-termination sequencing.
(pFny109), Fny-CMV RNA 2 (pFny209), and Fny-CMV RNA
3 (pFny309), Sny-CMV RNA 3 (pSny3), or various Fny/ Extraction and analysis of RNAs and proteins from
Sny-CMV RNA 3 chimeras (Fig. 1) were prepared and infected tobacco plants and protoplasts
inoculated as described previously (Zhang et al., 1994).
In most experiments, the first two systemically infected
leaves of tobacco plants were used for analysis of theConstruction of cDNA clones of Sny-CMV RNA 3 and
viral RNAs and the levels of CP and 3a protein at 10chimeras of Fny/Sny-CMV RNA 3
days postinoculation (dpi). The sampling, extraction, and
analysis of both RNAs by Northern blot hybridization andFull-length cDNA to Sny-CMV RNA 3 was constructed
by reverse transcriptase-polymerase chain reaction (RT- proteins by probing immunoblots were all done as pre-
viously described by Gal-On et al. (1994, 1995), compar-PCR). The Amersham cDNA synthesis kit was used to
prepare first-strand cDNA with 5 mg (in 25 ml) of total Sny- ing equal amounts of RNA or protein. The RNAs were
detected using a 32P-labeled (T3 RNA polymerase) tran-CMV RNA isolated from infected tobacco and a primer
specific for the 3* end of all CMV RNAs (5*-CCCTGCAGT- script complementary to the 3*-terminal 200 nt of RNA 3
of both Fny-CMV and Sny-CMV and autoradiography ofGGTCTCCTT-3* ), which also contains a PstI site (under-
lined). After first-strand cDNA synthesis, 1 unit of RNaseH the washed blot (Gal-On et al., 1994). The CP and 3a
protein were detected using antisera to denatured CP(Amersham) was added and the reaction incubated as
indicated by the supplier. PCR was done in 50 ml using and to E. coli-expressed 3a protein, respectively, and
chromogenic reagents (Gal-On et al., 1994; Kaplan et al.,the above primer (200 ng) and a second primer (200 ng)
[5*-GGGATCCTAATACGACTCACTATAGGTTTTATTTAC- 1995).
Tobacco protoplasts were prepared, inoculated by3* containing a BamHI site, a T7 RNA polymerase pro-
moter sequence, and 11 nucleotides that correspond to electroporation with viral RNAs isolated as virions from
infected plants, and incubated for varying times, as de-the viral 5*-terminal sequence of Fny-CMV RNA 3 (Owen
et al., 1990)]. The PCR contained 500 mM each dNTP, scribed by Gal-On et al. (1994, 1995). Protoplast samples
also were harvested, washed, extracted, and analyzed0.5 unit Taq polymerase (Boehringer), 5 ml of the cDNA
reaction mixture, and the buffer provided by Boehringer for RNA and protein levels as described previously (Gal-
On et al., 1994). Samples analyzed corresponded to equalfor the PCR. The PCR was for 30 cycles of 947 (1 min),
537 (1 min), and 727 (2 min). The PCR product correspond- numbers of protoplasts.
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FIG. 1. Mapping sequences within RNA 3 of CMV associated with accumulation of high levels of MP, severity of symptoms, or cycling of symptoms
in tobacco. cDNA clones of Fny-CMV RNA 3 (open rectangles) and Sny-CMV RNA 3 (filled rectangles) were used to create a series of chimeric
RNAs 3, using the restriction enzymes indicated under the rectangles [Sal I (S), HindIII (H), NheI (N), and XmnI (X)]. In addition, several site-directed
mutants were created in Fny-CMV RNA 3 to alter encoded amino acids to those encoded by Sny-CMV RNA 3. The amino acid differences between
the 3a proteins of Fny-CMV and Sny-CMV are indicated above the rectangles representing the 3a genes for all of the constructs. High levels of
accumulation of the 3a protein in systemically infected leaves, as determined by immunoblotting total plant proteins, are indicated by three / signs.
Severe symptoms induced by Sny-CMV RNA 3 and several of the chimeras are indicated by three / signs. Acute infection leading to cycling of
symptoms is indicated by a single / sign, while chronic infection with no cycling of symptoms is indicated by a single 0 sign. Sequences mutated
are indicated by filled circles within the rectangles representing the 3a genes.
Subcellular fractionation of the inoculated leaves of RESULTS
tobacco plants was done at 7 dpi. Leaf tissue, 0.5 g/plant
Localization of sequences controlling thefrom each of five plants, was extracted in two volumes
accumulation of CMV MP to CMV RNA 3of the grinding buffer of Deom et al. (1990), with the
modifications described by Kaplan et al. (1995). The 1000 Since the MP is translated from CMV RNA 3, it seemed
g pellet-fractions were washed three times with Triton reasonable to assume that RNA 3 and possibly the 3a
X-100, which was discarded as in Deom et al. (1990), gene itself contained the sequences responsible for the
then boiled in a buffer containing 2% SDS and analyzed altered accumulation of the MP. Thus, we cloned Sny-
by SDS–PAGE. Relative protein levels for different inocu- CMV RNA 3, and RNA transcripts of the full-length Sny-
lum samples, for various time-course samples, and in CMV RNA 3 cDNA clone, pSny3, were inoculated onto
different fractions were determined by scanning original tobacco with transcripts of cDNA clones of Fny-CMV
blots in a Hewlett–Packard ScanJet IIcx and performing RNAs 1 and 2. The infected tobacco plants developed
quantitative analysis of the scans using Scan Analysis severe leaf distortion and became severely stunted (Fig.
1 and data not shown). RNA blot hybridization of totalVersion 2.21 from Biosoft.
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temically, and the levels of FS3Sal-CMV RNAs were the
same as for Fny-CMV RNAs (Fig. 2A, lane 4 vs lane
2). By contrast, the symptoms on tobacco infected with
FS3Sal-CMV were very severe, as was observed for to-
bacco infected by FFS-CMV (Fig. 1), while the level of
MP in tobacco infected with FS3Sal-CMV was the same
as observed for infection by Fny-CMV (Fig. 2B, lane 4 vs
lane 2). The similar level of CP (Fig. 2B, lane 4 vs lane
2) also indicated a similar level of accumulation by the
two viruses. Therefore, the severe symptom phenotype
on tobacco appeared not to be caused by alteration in
the level of MP, but rather by sequences in or flanking the
CP gene of pSny3. Chimeras were formed by exchange at
the HindIII site within the coat protein gene. Infectivity
assays using transcripts of these chimeras confirmed
the conclusion that the high level of MP accumulation
mapped to the 5* half of RNA 3 and demonstrated that
the severe symptom phenotype mapped to the N-termi-
nal 100 amino acids of the CP, between the Sal I and the
HindIII sites (Fig. 1).
The RNA 3 construct reciprocal to FS3Sal-CMV,FIG. 2. Analysis of CMV RNA, MP, and CP accumulation in leaves
of systemically infected tobacco. Plants were inoculated with Fny-CMV SF3Sal-CMV, infected tobacco, producing symptoms typ-
(lane 2), the pseudorecombinant FFS-CMV (lane 3), the chimeric pseu- ical of Fny-CMV in the first few leaves (Fig. 1), and
dorecombinants FS3Sal-CMV (lane 4) and SF3Sal-CMV (lane 5), or the showed RNA accumulation at levels similar to that of
double mutant Fny 3:51/240-CMV (lane 6); lane 1 contains samples
Fny-CMV RNA (Fig. 2A, lane 5 vs lane 2). However, thefrom uninoculated plants. (A) Total RNAs were extracted from the first
level of MP produced by SF3Sal-CMV was about 10 timessystemically infected leaves and were analyzed by Northern blot hybrid-
ization using an RNA probe complementary to the 3* nontranslated that observed for Fny-CMV or FS3Sal-CMV (Fig. 2B, lane
region common to each CMV RNA. (B) Total proteins from the same 5 vs lanes 2 and 4). Thus, the higher accumulation of
leaves were extracted, fractionated by SDS–PAGE, electroblotted to MP in tobacco is controlled by sequences in the 5* 1294
nitrocellulose membranes, and probed with antisera to either the 3a
nt of Sny-CMV RNA 3, containing the 3a gene and flank-protein or the CP. Arrowheads indicate the position of the 3a protein
ing nontranslated regions.and CP. (The uninfected control sample, lane 1 on the CP blot, con-
tained some spillover from lane 2.) Lane M contains stained marker
proteins including a 30-kDa protein (asterisk). Localization of sequences controlling accumulation of
CMV MP in tobacco within the 3a gene
nucleic acids extracted from the systemically infected The nucleotide sequence of the 5* 1299 nt of Sny-
tobacco leaves showed similar levels of viral RNA for CMV RNA 3 from pSny3 was determined. Analysis of the
Fny-CMV and the pseudorecombinant (referred to as determined sequences showed 12 nucleotide differ-
FFS-CMV, for Fny-CMV RNAs 1 plus 2 and Sny-CMV RNA ences from that of Fny-CMV RNA 3 (not shown), but the
3) (Fig. 2A, lanes 2 and 3). However, Western blots of corresponding 3a genes differed from each other at only
the same tissue showed the presence of about 25 times 3 positions, corresponding to amino acids 51, 170, and
more MP for FFS-CMV than for Fny-CMV (Fig. 2B, lane 240 of the 3a gene (Fig. 1).
3 vs lane 2), although the levels of the corresponding CP A restriction fragment from pSny3 encompassing nu-
were more similar (Fig. 2B, lanes 2 and 3). Thus, the Sny- cleotides 642 to 1294 (sequences encoding amino acids
CMV RNA 3 of FFS-CMV conditioned for the phenotype 176–279 of the 3a gene, followed by the intercistronic
of high accumulation of MP in tobacco. region, and sequences encoding amino acids 1–14 of
To delimit which sequences on Sny-CMV RNA 3 regu- the CP gene) was exchanged for the corresponding frag-
lated the accumulation of the MP, we prepared two chi- ment of pFny309 to generate pFSF3Nhe/Sal (Fig. 1), to
meras from pFny309 (the full-length cDNA clone of Fny- determine whether amino acid 240 (Phe) of the Sny-CMV
CMV RNA 3) and pSny3, using the common Sal I site 3a protein was associated with the higher accumulation
(nucleotides 1294–1299) near the start of the CP ORF of MP. Transcripts of this construct co-inoculated with
(Fig. 1). RNA transcripts of these two chimeric plasmids, Fny-CMV RNAs 1 and 2 infected tobacco systemically,
pFS3Sal and pSF3Sal, were inoculated onto tobacco but the level of the MP in tobacco was the same as for
plants in combination with Fny-CMV RNAs 1 and 2. The Fny-CMV (Fig. 1 and data not shown). Thus, introducing
chimeric pseudorecombinant F1F2FS3Sal-CMV (referred the region of the Sny-CMV 3a gene containing amino
acid 240 into Fny-CMV RNA 3 was not sufficient to alterto as FS3Sal-CMV) RNA was able to infect tobacco sys-
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the accumulation of the corresponding MP. Progeny virus that obtained with Fny-CMV (Fig. 2A, lane 6 vs lane 2),
as was the level of accumulated CP (Fig. 2B, lane 6 vsderived from transcripts of the reciprocal RNA 3 con-
struct, pSFS3Nhe/Sal, plus Fny-CMV RNAs 1 and 2, gave lane 2). However, the level of accumulated MP was 50
times higher for Fny3:51/240-CMV than was observed forthe same result for the accumulation of MP as did
pFSF3Nhe/Sal (Fig. 1). This indicates that at least two Fny-CMV (Fig. 2B, lane 6 vs lane 2). Thus, the changes
at both nucleotide positions 272 and 837, resulting indeterminants were required for the differences in MP
accumulation, and that the combination of changes at amino acid changes at positions 51 and 240, respec-
tively, were sufficient to elicit the high accumulation ofamino acids 51 (Lys for Asn) and 170 (Phe for Tyr) are
insufficient to induce the high accumulation of MP phe- MP. Furthermore, differences in the sequence of the 5*
nontranslated region that exist between Fny-CMV RNAnotype of Sny-CMV RNA 3 (Fig. 1).
Exchange of restriction fragments between pFny309 3 and Sny-CMV RNA 3 were not responsible for the differ-
ences in levels of accumulation.and pSny3 at the BamHI site upstream of the T7 promoter
adjacent to the 5* end of the RNA 3 sequence and the
Accumulation of MP in inoculated protoplasts vsXmnI site at nucleotide 413 (corresponding to amino acid
leaves98) yielded two reciprocal chimeras, pFS3Xmn and
pSF3Xmn (Fig. 1). The progeny virus generated from tran-
Tobacco protoplasts were inoculated with Fny-CMV
scripts of these chimeric cDNAs plus Fny-CMV RNAs 1
RNA and FFS-CMV RNA, and analyzed to determine if
and 2 infected tobacco, but neither yielded high levels
there were differences in the rate of either viral RNA
of accumulation of MP in tobacco (Fig. 1 and data not
synthesis or MP accumulation. The protoplasts were able
shown). This indicates that the combination of amino
to accumulate RNAs of each virus at comparable rates
acids Phe-170 and Phe-240 was not able to generate the
(Fig. 3A). When the levels of MP and CP were examined
phenotype mapping to Sny-CMV RNA 3.
for these samples, there was no significant difference in
A site-directed mutant of nucleotide 837 was created
the level of accumulation of either protein for FFS-CMV
in the cloned NheI– Sal I restriction fragment from
vs Fny-CMV (Fig. 3B). A similar gradual increase in the
pFny309, to change the codon for amino acid 240 from
level of MP was observed in the inoculated leaf of to-
that of the Fny-CMV 3a protein (Ile) to that of the Sny-
bacco for FFS-CMV vs Fny-CMV, between 1 and 3 days
CMV 3a protein (Phe). The mutated NheI–Sal I restriction
postinoculation (Fig. 3C). However, since the level of ac-
fragment was exchanged for the corresponding fragment
cumulation of CP was higher for Fny-CMV than for FFS-
in pFny309 to generate pFny3:240. Transcripts of
CMV at Days 2 and 3 p.i. (Fig. 3C), the ratio of MP:CP
pFny3:240 co-inoculated onto tobacco with Fny-CMV
for FFS-CMV was higher than for Fny-CMV in the inocu-
RNAs 1 and 2 yielded infection typical of Fny-CMV, with
lated leaf, although not at the extreme ratios seen in the
no increase in accumulation of the MP (Fig. 1 and data
systemic leaves (Fig. 2B, lane 2 vs lane 3). Since there
not shown). After exchange of the mutated NheI–Sal I
was no significant difference in the rates of RNA, MP, or
restriction fragment with the corresponding fragment of
CP accumulation in protoplasts (Figs. 3A and 3B), these
pSF3Xmn, the resultant construct (pSF3Xmn:240) en-
data indicate that the higher levels of MP in tobacco
coded Lys-51 and Phe-240 of Sny-CMV 3a and Tyr-170
systemically infected by FFS-CMV (and also Fny3:51/240-
of Fny-CMV 3a (Fig. 1). Transcripts of pSF3Xmn:240 were
CMV) vs Fny-CMV were not due to accelerated replica-
co-inoculated with Fny-CMV RNAs 1 and 2 onto tobacco
tion of FFS-CMV vs Fny-CMV. Moreover, the higher levels
and gave rise to levels of accumulation of MP similar to
of FFS-CMV MP accumulation were probably not due to
those of FFS-CMV (Fig. 1 and data not presented).
differences in the rates of synthesis of the MP, but rather
Since the nucleotide sequence of Sny-CMV RNA 3 also
to differences in either the duration of MP synthesis or
differed from Fny-CMV RNA 3 by one silent substitution
the stability of MP.
within the 3a gene (5* of the XmnI site) and by four
changes in the 5* nontranslated region, it was possible Subcellular distribution of the MP in tobacco
that sequences in addition to nucleotide 272, encoding
amino acid 51, were involved in the increased accumula- The subcellular distribution of MP was examined for
tobacco plants infected with Fny-CMV, FFS-CMV, ortion of MP. Thus, nucleotide 272 was modified in
pFny3:240 to change the encoded amino acid at position Fny3:51/240-CMV, to determine whether differences in
accumulation were reflected in differences in subcellular51 from Asn (as in the Fny-3a protein) to Lys (as in the
Sny-3a protein). The corresponding cDNA clone, distribution. The total amount of MP detected was again
lower for tobacco infected by Fny-CMV vs FFS-CMV orpFny3:51/240, now encoded a 3a protein with amino acid
substitutions at both positions 51 and 240, and contained Fny3:51/240-CMV, whether leaf proteins were extracted
in a denaturing buffer (T in Fig. 4) or whether infectedno other changes. Transcripts of pFny3:51/240 co-inocu-
lated onto tobacco along with Fny-CMV RNAs 1 and 2 tissues were disrupted and fractionated into 1000 g pel-
lets (P1) and 1000 g supernatants (S1) (Fig. 4, P1 / S1),yielded infected plants (containing Fny3:51/240-CMV) in
which the level of accumulated viral RNA was similar to although the total amount of MP detected for any particu-
AID VY 8279 / 6a25$$$623 11-13-96 21:41:45 vira AP: Virology
359CUCUMBER MOSAIC VIRUS MOVEMENT PROTEIN
FFS-CMV (Fig. 2B, lane 6 vs lane 3, and Fig. 4C vs 4B),
this latter difference was further amplified, with a much
greater proportion of the MP in the P2 (membrane) frac-
tion.
Distribution of CMV within systemically infected
tobacco
Previously, we showed that there was a differential
distribution of Fny-CMV and Sny-CMV in systemically in-
fected leaves of tobacco due to a cycling phenomenon
in which several leaves showed alternating high and low
levels of virus accumulation, and those leaves containing
low levels of virus did not show symptoms (Gal-On et al.,
1995). Sny-CMV did not show this cycling of symptoms
phenomenon, and neither did FFS-CMV, SF3Hin-CMV,
SF3Sal-CMV, SF3Xmn:240-CMV, nor Fny3:51/240-CMV
(Fig. 1). Thus, the absence of cycling, which represents
a difference in the distribution of virus in various leaves,
maps to the same sequences associated with high levels
of MP accumulation (Fig. 1). This suggests that cycling
(chronic) vs acute infection is a function of the MP and
therefore of virus movement.
FIG. 3. Accumulation of MP and CP in inoculated protoplasts vs
leaves. Protoplasts were inoculated with Fny-CMV or FFS-CMV RNAs
and were incubated for 20 or 40 hr. Viral RNA accumulation was deter-
mined by Northern blot hybridization (A), and 3a protein and CP accu-
mulation were determined by immunoprobing protein blots (B), both as
in Fig. 2. Proteins from inoculated leaves of tobacco plants infected
with Fny-CMV (Fny in A and B; F in C) or FFS-CMV (FFS in A and B;
S in C) were analyzed by immunoprobing protein blots at 1, 2, and 3
dpi using antisera specific to 3a protein and CP (C). The positions of 3a
protein and CP are indicated by arrowheads. H indicates uninoculated
samples and M indicates a protein marker lane with the 30-kDa protein
specified.
lar infection (Fig. 4, T vs P1 / S1) was not the same using
different extraction procedures. The subcellular distribu- FIG. 4. Histogram of the subcellular distribution of 3a protein in
CMV-infected tobacco. Leaf tissue of systemically infected tobaccotion of the MP of FFS-CMV was determined (Fig. 4B) and
inoculated with Fny-CMV (A), FFS-CMV (B), or Fny3:51/240-CMV (C)shown to be somewhat different from that of Fny-CMV
was disrupted, and subcellular fractions were generated by centrifuga-(Fig. 4A). While the relative distribution into the Triton X-
tion at 1000 and 30,000 g. The 1000 g supernatant (S1) was used towashed 1000 g pellet (P1) and the supernatant (S1) frac- generate 30,000 g pellet (P2) and supernatant (S2) fractions. The 1000
tions was similar (i.e., about 1:3 for Fny-CMV and 1:2 for g pellet (P1) and the 30,000 g pellet (P2) were resuspended in the same
volume as the starting material. A total extract (T) was also preparedFFS-CMV), there was a larger difference in the distribu-
from the same leaves by homogenization in SDS buffer. Equal volumestion of MP into the 30,000 g supernatant (S2) vs pellet
of each fraction were analyzed by SDS–PAGE and immunoprobing(P2) fractions (Fig. 4A vs 4B), with more MP in the P2 protein blots with antisera to the 3a protein. The immunoblots were
(membrane) fraction vs the S2 fraction from FFS-CMV scanned and the signal intensities quantitated as under Materials and
than from Fny-CMV. In the case of Fny3:51/240-CMV, Methods. The values on the y-axis represent arbitrary units of ‘‘gray
scale’’ per 2.5 mg of leaf tissue.where the level of accumulated MP was higher than for
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DISCUSSION cell fractions of older leaves. We have observed a similar
distribution of the MP in our CMV 3a-transgenic plants
The alteration of nucleotide sequences encoding both (Q. Li and P. Palukaitis, unpublished), although Cooper
amino acids 51 and 240 was required for the expression and Dodds (1995) observed MP only in the 1000 g pellet
of the two phenotypes: increased accumulation of MP in (after washing with Triton X-100) and in the 30,000 g
tobacco and cycling of virus in tobacco. Amino acid 240 pellet fraction, for all leaf ages, using leaves supplied
is located in a region (amino acid 237–279) not required from our 3a-transgenic plants (Kaplan et al., 1995). This
for the movement-associated functions of the 3a protein variation in observations may in part be due to differ-
(Kaplan et al., 1995). Thus, any interactions between ences in extraction procedures (some refer to the Triton-
amino acids 51 and 240 were not essential to function, insoluble 1000 g pellet as the ‘‘cell wall’’ fraction, while
but may have affected the stability of the MP. However, others use the debris retained in a filtration step prior to
since changes at neither site alone influenced the vari- centrifugation as the ‘‘cell wall’’ material and wash this
ous phenotypes, it is difficult to see how positions 51 extensively with Triton X-100 before solubilization by boil-
(Asn in Fny-CMV 3a; Lys in Sny-CMV 3a) and 240 (Ile in ing under rigorous denaturing conditions). However,
Fny-3a; Phe in Sny-CMV 3a) could interact to bring about even when the same technique has been used on similar
a different phenotype for Lys:Phe than for Lys:Ile, since materials, different results have been obtained (Cooper
neither combination would seem likely to interact. It and Dodds, 1995 vs Deom et al., 1990). Thus, we can
seems more probable that these amino acid changes only compare the effect of sequence alterations on the
allow other interactions to occur, affecting the structure distribution of CMV MP in our own hands, and not with
of the MP, which then affect its subcellular distribution, observations on the distribution of MP in earlier reports.
its turnover, and its interactions with the host to promote The correlation between increased membrane associ-
movement. ation of the MP and an increase in virus distribution of
Since the level of 3a protein accumulation correlated different leaves during the course of a chronic infection
with nucleotide changes in the 3a gene, rather than in suggests that association with membranes (or mem-
the nontranslated regions (Figs. 1 and 2), and since the brane-bound proteins) may be required for virus move-
kinetics of accumulation of 3a protein did not indicate ment. This is not surprising given that the CMV MP was
any major differences between Fny-3a and Sny-3a at shown to be able to affect the size exclusion limit of
early times postinoculation, these data also suggest that plasmodesmata, traffic RNA from cell to cell, and translo-
the differences in levels of accumulation of the MPs were cate itself from cell to cell (Ding et al., 1995b). However,
not due to differences in the translational activity of the the data presented here also indicate that there may be
corresponding RNAs 3. This is in contrast to the situation some association between the extent to which the MP
with alfalfa mosaic virus, where the level of MP accumu- interacts with membrane-associated components and
lation was controlled by sequences in the 5* leader se- the level of MP in the cell. The latter may be coincidental
quence of RNA 3 (van der Vossen et al., 1993). or may reflect some MP interaction that occurs at higher
We cannot explain why the MP of Fny3:51/240-CMV concentrations of MP; e.g., similar to the cooperative
reproducibly accumulated to higher levels than that of binding of CMV MP to RNA (Li and Palukaitis, 1996). If
FFS-CMV (Figs. 2 and 4). Perhaps position 170 also had the CMV MP associates with cytoskeletal components
some effect on the stability of the MP. It is unlikely that of the cell [e.g., actin and tubulin, found to be associated
the differences in the accumulation of MP were a conse- with the MP of TMV (Heinlein et al., 1995; McLean et al.,
quence solely of changes in the partitioning of MP from 1995)], then the higher concentration of MP may also
the soluble fraction to the membrane-bound fraction, affect such associations. Clearly, we need to know more
since all fractions contained more MP for FFS-CMV and about CMV MP:host associations as well as the barriers
Fny3:51/240-CMV vs Fny-CMV, although partitioning to Fny-CMV distribution that occur during cycling to bet-
could be a factor affecting the stability of the membrane- ter understand the roles of higher MP accumulation and/
associated MP. or membrane association in chronic infection of tobacco.
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